Aim of this work is to determine experimentally some important mechanical characteristics of RTM hemp plain weave fabric/epoxy laminates. Equipment and test methods are described and critically discussed. Main subjects of this work are: RTM process improvement, preliminary tensile and f1exural tests and impact performance. The latter is analyzed with particular attention, also comparing data with other experimental results. Attention is devoted both to the process, which strongly influences the mechanical performance of natural long fibres reinforced composites and to the low-velocity impact behaviour. This is a very important requirement for future aeronautical applications, in that composite structures should retain sufficient residual compression properties (CAI: Compression After Impact) after a Barely Visible Impact Damage (B.V.I.D).
INTRODUCTION

Natural Fibers
Over the last years, increasing environmental consciousness and awareness of the need for sustainable development have sparked renewed interest in the development of composite materials reinforced with natural fibers (NFC). Natural fibers (NF) have good specific mechanical properties such as specific strength and stiffness. For this reasons they may be used as a low-cost, low-weight, biodegradable, reduced tool wear,l renewable, non-toxic, carbon dioxide neutral reinforcement for polymer matrices alternative to glass fibers. In consideration of the fact that it is possible to utilize more or less same processes, tools, labor, equipments, controls and know-how, an easy reinforcement substitution is possible and not so expansive.
"-
The demand for NF in plastic composites is forecast to grow 15-20% annually with a growth rate of 15-20% in automotive applications and even more than 50% in some building applications. 2 • 3
Situation in Aeronautics and Requirements
In aeronautical structures the situation is complex because of high load levels, mechanical and/or thermal and/or
• Author to whom correspondence should be addressed. Email: sebarm86@hotmail.com acoustic fatigue, requirements of durability, reliability and maintenance, reproducibility of mechanical characteristics, "confidence" on material's performance and, in particular, certification requirements. For such reasons, the substitution with a new material has a high impact on costs and times required by the certification procedure. The process is usually long and expensive in terms of testing and numerical simulations. For these reasons it has been selected a step by step procedure: efforts have been made in our Department in four main lines, in order to improve/determine:
• quality of processes • mechanical characteristics and their reproducibility • impact strength • Life Cycle Assessment (LCA) & environmental impact.
The aim was to achieve a good chemical/physical and mechanical characterization, focusing on the reproducibility of mechanical properties among various production lots/stocks.
The fabrication process has an important role in material's mechanical performances and costs. In particular, the use of fabrics, with the RTM fabrication process, has been selected for the present study. In fact, because of its advantages, such as good quality, reliability and especially, reduction of materials and manufacturing costs (main item), RTM process is widely used for aeronautical composite structures, also by the realization of complex stitched pre-forms, to be processed in one shot. These two items arc key aspects in this study.
In aircraft design, particularly for external structures, loads to be considered include impact events such as dropped tools, debris from runways, hailstones, bird strike .... This may result in a large internal damaged area of the laminate that is not detectable from visible observation. Variable service loads can continuously grow the damage area, possibly resulting in complete structural collapse of the damaged part. 4 
Aim of This Study
Although in practice the use of natural fiber-reinforced plastic is continually increasing, there is still a poor understanding of certain aspects of their behavior, such as their response to impacts and the influence of process parameters on mechanical performance. In the scientific literature only few studies have been carried on about CFN impact response and mostly involving short fibers, while there are few data regarding behavior of composites made with fabrics.
The purpose of the present study is to investigate the behavior of composites laminates reinforced by hemp fabric, processed by RTM. In particular aims of this work are:
• to improve the RTM process in order to obtain higher quality laminates
• to determine by testing the effect of damage caused by low velocity impact loading, to be compared with the results obtained by the same authors in similar conditions (specimen mass, geometry, impact energies, impactor and boundary conditions) by previous studies conducted on jute, glass and jute/glass hybrid laminates. s . 6
Before of the impact tests, mechanical tests (traction and bending), have been performed in order to verify the quality of the material and of the fabrication process.
The research has been conducted with the following items:
• pure resin tension tests (in line with the RTM device testing);
• hemp composites tension and bending tests;
• impact tests;
• results comparison. 14 studied the post-impact behavior of jute/polyester composites and pointed out that their interlaminar adhesion is sufficient to yield an impact damage pattern typical of stronger composites, often referred to as "reversed-pine tree pattern" (see also Section 2). Dhakal 15 dealt with polyester reinforced with needle punched random nonwoven hemp fibers and from impact test results it was shown that the total impact energy absorbed by 21 % fiber volume (4 layered) hemp reinforced specimen is comparable to the total energy absorbed by 21 % fiber volume chopped strand mat E-glass reinforced specimens.
IMPACT ON NFC IN LITERATURE
Mueller and Krobjilowski l6 described the effects of several material parameters and process conditions on impact strength of flax hemp and kenaf composites. It can be seen from their work that increasing the share of reinforcing fiber in the composite, the maximum of impact strength moves to higher processing temperatures because, increasing the tiber volume, a better fiber impregnation due to lower binder viscosity, predominates over the weakening thermal decomposition.
It can be said briefly that it is likely to expect different types of damage, depending on the specimen geometry and impact energy; in particular at relatively low impact energies damages initiate with matrix cracking, fiber-matrix debonding and delamination, while at higher energies, damage also occurs by fiber fracture and pull-outs. In low velocity impact loadings, the tiber-matrix adhesion can further affect the failure mode which occurs at a given load (i.e., poor adhesion results in failure at low transverse stress, exposing free fibers). In general, impact on composites with weak interfacial adhesion produce large delaminated areas with strong effects on residual properties, while localized impact loading on composites with strong interfaces results in a smaller, more localized damage zone, with higher residual compressive properties of the composite.
EXPERIMENTAL PROCEDURE
Materials
After a preliminary phase in which some process parameters (degassing technique, excess resin collecting, pressuretime curve ... ) have been improved in order to have an enhanced process that could lead to panels with satisfactory fultillment of previously set requirements. More detail will be discussed in the following sections. It has been selected an epoxy resin, because of its excellent mechanical properties, in particular for its resistance to interlaminar shear (once it has become the matrix of the laminate). The resin and the curing catalyst have been mixed in the volumetric ratio of 100128 ml/ml, as presented in Table I , and then the mixture has been degassed (see also Section 1.2).
Fibers
The fabric used for specimens is a "plain weave," provided by National Canapificio Linificio-Spa of Verona; main characteristics of tissue and thread are reported in Table n . In particular, density has been calculated knowing the density of the laminate and the resin (assuming a negligible void content). For the tissue in question, from the micrographies of threads and fibers in Figure 1 rough and irregular surfaces are apparent, suggesting that a longer time is needed for resin injection (see also Section 3.3).
The reuing technology and the particular chemical treatments applied to this fabric to facilitate the operation of weaving are not known. In fact for the physical and chemical treatments used to improve adherence fiber/matrix in the specific case of this hemp fabric textile, treatments performed (alkalinization with sodium hydroxide NaOH 1% wt) did not produce convenient performance increase. 17 According to the authors, the fibers have probably been chemically pre-treated, also because results obtained with chemically treated fibers do not agree with data that can be found in literature.
Specimens
After the process enhancement (see par. 3.3 for more details) for specimens it has been used pane12 (Fig. 2) , made of 14 plies of tissue; panel's main properties are Table III . On the top surface can be seen some imperfections, probably caused by entrapped air. From this panel have been obtained which 9 specimens for the impact tests (3 for each energy level) and 6 for bending tests and 5 for traction.
Processing
Among the various processes it has been selected the RTM for the reasons briefly explained in par 1.2.
In this work two laminates have been realized (see par. 3.2 for more details): panel 1 with the base RTM process and panel 2 ( Fig. 3) after having enhanced the process and changed some parameters.
Panels fabrication has been performed at the Centro Sviluppo Materiali laboratories, with a Plastech T.T. machine, characterized by three main subsystems:
III command console III homogenizer (the degassing is performed here only for the fi rst panel)
• mold The mold (400 x 400 mm) is connected to an electrical power unit whose task consists in heating the plate in order to maintain the desired temperature. On the moId there are some little holes for the excess resin flow. The resin, after being aspired from the homogenizer, is degassed (this process has been can-ied out differently in the second laminate). Subsequently the mixture has been raised to the injecting temperature and injected into the maId through an air-assisted valve and then pressure has been gradually increased.
Before starting the process, maId and countermold have been well cleaned and then treated with a releasing agent (Loctite), then all the tissue reinforcements layers have been placed on the mold, with a symmetrical orientation 0°/90°. This layup has been selected in order to avoid any possible asymmetry problems or differences between warp and weft directions. Subsequently, before resin injection at the initial pressure of 0.5 bar, the mold has been closed and inside vacuum has been made. When the resin has wet half tissue, the injection pressure has been increased and kept to 3 bar in order to the complete impregnation. In the enhanced process the pressure has been kept slightly under 3 bar in order to avoid gasket failure.
Resin speed depends on many factors, and in particular from viscosity and from the material, characteristics and geometry of reinforcements layers (see also Section 3.1.2). In this case the fabric is "coarse" with low porosity and so a high resistance is encountered from the resin flow. In fact the whole operation has taken place in 8 min, and about 2 min have been necessary before the resin has been visible on the fabric.
Polymerization occurs in two stages:
• pre-curing, for 6 hours at room temperature Cl curing, for the subsequent 24 h at 40°C.
In Figure 3 both panels are compared: panel 1 (left) it not satisfactory, duc lo bad wetting and non uniform resin distribution while panel 2 (right) shows a more uniform resin distribution. To achieve a better understanding of the problems and the situation, a series of micrographies have been conducted on the first panel (Fig. 4) . From these pictures it is clearly possible to see that technical fibers show fractures between the bundle and the presence of voids.
In order to improve the mechanical performance of the final product, the fiber content has been increased and some process parameters have been changedlimproved. In particular the resin degassing for the second laminate has been carried out using a system consisting of an outer bottle connected to a compressor and to the maId (Fig. 5) . The "bottle" has been introduced in order to put an end to the degassing stage when the foam (typical of this process) was no longer visible on the surface of the hardenerprepolymer mixture.
Another improvement that has been introduced to enhance the process is the "resin trap" (Fig. 6) ; it consisted in a glass j ar which prevents the excess resin flow to go back into the pump system. This "trapped" resin was also analyzed (see Section 5.1 for further details). 
Specimens Cutting
Composite panels have been cut to obtai n samples in accordance with standards for each mechanical test for which specimens are intended. In particular, for the tensile test tabs have been fixed to specimens using epoxy glue, Fig. 6 . The "resin trap" prevents the excess resi n flow to go back into the pump.
applied on the surface of the samples previously sanded, in order to achieve a good bonding between the two surfaces.
Specimens for dog-bone shaped pure resin, accordi ng to the D638 normative, were made by a m bber mold and cured at room temperature.
TESTING PROCEDURE
4.1. Tensile Test Tensile tests were performed using a Zwick machine at room temperature, with a load cell of 250 kN, to determine: Young' s module, Poisson ratio, tensile strength and elongation at break. Tests have been conducted followin g the normative ASTM D3039, on fi ve 250 x 25 x 5 mm specimens.
Flexural Test
For this testing is has been Llsed a MTSLD.AST 1 machine which has a maximum applicable load of 200 kN.
The 4 point bending test (4PBT) was selected instead of the 3PBT because it gives more reliable results. Tests have been conducted on 6 specimens of 190 x 13 x 5 mm and at a speed of 8. 1 mm/min. Geometry of samples, conditions and procedure follows the ASTM D790-86 standard.
Impact Test
The falling weight machine (Fig. 7) is equipped with an anti rebound system and allowed variation of the mass, by means of removable weights (ASTM D5628-96, AST M D5428-98th). The choice of these energies allows LIS to make the comparison with a previous series of tests conducted by Briotti et a1. 5 . 6 as will be discussed in par. 5.3.
The speed of the body at the impact is measured by a photocell. From data elaboration, it is possible to obtain the impact speed v and the contact force F(t) between the striker and the target. Denoting with P the impact force and with rn the impactor mass the acceleration a(t) and the energy released from the impactor until time t can be calculated as:
RESULTS AND DISCUSSION
Tensile Tests
The trend of the stress-strain curve (Fig. 9) is elastic, but not linear until m pture, that occurs at a stress of about 93 MPa and a deformation of 1.9%. At first sight the curve can be divided in two quasi-linear areas each with
Tensile test: stress-strain curve Table IV , show valid results; as value for the Young modulus of each specimen it has been assumed the average value of initial modulus for each specimen. The comparison with literature data on jute reinforced composites and glass-E shows that the reinforcement hemp composite gives good mechanical properties in traction.
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Also specimens from pure resin have been realized, in order to compare the mechanical properties with those declared by the manufacturer and to verify that the curing process had not degraded the epoxy. Test results are reported in Table V . Force displacement for al l energy levels Displacement (mm) Fig. 13 . Force---<lisplacement curves for all impact energy levels.
S.2.4PBT
From the stress-detlection curves (Figs. 10 and 1! ) it is possible to obtain information rupture mode. Since the trend is not linear and the slope of the curve decreases, rupture is probably due to shear stresses. Tests results are reported in Table VI .
Impact Tests
The energies wcre not sufficient to produce the perforation of the laminates, therefore impact resulted in striker rebound. Information were available from the images of the impacted specimens, acquired also in backlight, and from Force versus Displacement, Force versus Time and Velocity versus Time curves recorded during the impact. From Force versus Time curves (Fig. 12) it is possible to see that: 11 The shape of all of the Force-displacement and velocity-time curves (Figs. 13 and 17) show impact with rebound (displacement decreases after reaching the maximum load);
• In the case of impact at 5 J the curve is quasisymmetrical, therefore the energy dissipation is reduced;
• The other two curves show more energy dissipation, because of more marked asymmetry between the loading-unloading parts and because of rapid fluctuations due to progressing damage.
From the force-time curves it is also possible to measure the maximum load and the consequent onset of fi rst damage. Results are reported in Table VII together with the maximum displacement and the time at which maximum displacement is measured.
The force-displacement graph (Fig. 14) shows clearly that loading and unloading phases do not coincide: rather a closed loop is apparent; its area (A 1 + A2) represents the energy absorbed by the specimen, dissipated by damage mechanisms, and will be referred as total hysteresis energy.
According also to Santulli. 30 and referring to Figure 14 , variables measured are: the slope of the quasi-elastic part of impact curve, referred to as linear stitfness, maximum load, load drop (an indicator of damage severity), and damping ratio, defined as the ratio between the non Time (ms)
A B C Fig. 15 . Load-time curve for the 15 J impacted specimen (impact with no perforation).
elastic energy (A2 + A3) and the total hysteresis energy (A 1 + A2). These are all reported in Table VIII . In particular, from the force-displacement curves of Figure 13 it can be seen that the stiffness, after reaching the first damage load, decreases continuously due to material plasticity; for this reason the entity of the load drop is small and not very evident: in other words, progressive damage is observed. When the striker stops without rebounding it is generally possible to divide the plot into three typical zones ll • 3 ) that have also been reported in Figure 17 : (a) elastic response (with dynamical perturbations) until the yield force is reached; (b) from the first material damage until the peak force (with substantial perturbations due to damage development In Figure 16 it is shown a typical curve of the energy given from the striker to the specimen (for the 15 J impacted specimen).
It can be assumed that main contributions are represented from energies of elastic deformation and energy dissipated during damage. J J While the first one is conservative, hence comes back to zero when the load is removed, the second one represents the proportion lost due to irreversibility of the process. Referring also to Figure 16 it can be seen that after the maximum (Eimpact) is reached, the trend of energy is decreasing until a constant level of energy (Eabsorbed) is reached at the end of the test.
Eabsorbed is the asymptotic Energy value and can be parted in two terms: energy expended to generate the damage (Edamage) and energy absorbed by the system by various means, such as vibrations, heat, anelastic behavior, etc_ (E disp ):
The damage energy Edamage itself can be divided in 3 major components necessary for: indentation Eindentation, matrix damage E dm and fiber rupture E df • A comparison between the three average curves obtained for each impact energy level follows below ( Fig. 18 and Table IX) .
Results obtained from impact test are reported in the following table.
The response of a laminated plate specimen to out-ofplane dynamic impact is affected by the characteristics of the impactor, such as mass and velocity, and, hence, drop hcight and impact energy, and depends also from target characteristics, as wen as impact test setups.32 As a consequence, comparisons cannot be made between laminates unless identical test configurations, conditions, and specimen geometries are used. In particular it is known from literature that thickness is one of the main parameters involved in impact phenomena;9 also, out-of-plane curvature, stacking sequence and reinforcement architecture (tapes, weaves, and textiles) of the impacted laminate greatly affect its response and damaging process.
Results of this work will be compared with the ones obtained by the same authors in similar conditions (specimen geometry, impact energy, boundary conditions) in previous studies conducted on jute, glass and jute/glass hybrid laminates, made by hand lay-up with vynilester matrix. These results are reported in Tables X and X1 . 5 • 6 In this work the constant parameter was the mass, so the densitylthickness ratio is the same for all specimens.
Because of the importance of thickness in impact response, from this comparison can not be deduced any general results about impact behavior. However it can give us important indications on the possible application of this material, where also some impact resistance is required.
Even for the 15 J impact there has been no perforation, but an indentation of depth comparable with specimen thickness has been measured. 5 • 6 For cost reasons it has not been possible an ultrasound analysis, hence it is not possible to evaluate the internal damage status of the material. However by means of visual backlight analysis it was possible to verify that visible damaged area increased with increasing impact energy. In Figure 19 are shown damaged surfaces on the side opposite to impact: for the 5 J impacted specimens damage is limited and no preferential directions of damage can be seen, while these are clearer in the 10 J and 15 J cases. It is also apparent that the del ami nation propagation it is not regular: especially near the center delaminations do not immediately head for 0°/90° directions (probably due to fabric defects, irregularities ... ), but that they begin on ±45° and then turn to 0°/90°. At 15 J energy, from the damage extension, it can also be stated that a slightly higher energy would have probably led to penetration. From these images the damaged area can be calculated very approximately as the surface of a circle whose 4cm ill diameter is the largest dimension of the damage. However, data obtained by this method cannot be compared with ultrasound results, because they provide only an estimate of damaged area trend at various impact energy; results are reported in Figure 23 and Table Xll ; an almost linear trend has been found. From the above results, the following main conclusions can be traced:
• An RTM system, origi nally intended for glass and/or carbon fi ber, proved effective with hemp fibers fabric! epoxy.
• It has been proven experimen tally that process parameters (such as pressure-time curves, degassing procedures ... ) greatly infl uence the fi nal product.
• The process has been partially improved with negligible cost aggravation. Further enhancements are possible by changing parameters, such as geometry and number of resin inlet holes, pressure-time curves, curing process, etc .
• In spite of the few an alysis tools available, it can be stated that the RTM hemp/epoxy composite exhibits a good impact behavior respect to other NFC s.
• It can be confirmed that hemp can be used as a reinfo rcement alternative to glass for semi-structural structures . However, othcr tools of analysis e.g., ultrasound after impact testing and residual properties measurements, would also be needed for a sounder characterization of impact behavior of this material.
